Myocardial ischemia caused by coronary atherosclerosis is the main cause of cardiovascular mortality, which is the first cause of death in developed countries. Inducible myocardial ischemia is a negative prognostic factor for coronary artery disease patients, and it represents a major risk stratification marker for predicting mortality. The evolution of these patients depends largely on the extension of the ischemic myocardial mass and the severity of the inducible ischemia. Most patients do not show angiographically significant coronary stenosis. Therefore, such patients do not undergo coronary revascularization therapies, even though they present functional stenoses that trigger myocardial ischemia under stress conditions, which subsequently lead to a high risk for major adverse cardiovascular events. We performed a review that aims to pinpoint invasive techniques used for evaluating the functional impact of a coronary lesion that is considered non-significant upon angiographic examination, but which triggers episodes of myocardial ischemia under stress conditions, and to describe the functional markers that show the highest specificity for predicting ischemic risk, in order to recommend invasive coronary revascularization.
essential in the management of coronary patients, and the use of various techniques for assessing the extension and localization of the ischemic myocardium is of essence in therapeutic decision-making and prognostic evaluation.
Currently, detection of myocardial ischemia is performed using different stress-test methods (ECG stress test, stress echocardiography, myocardial stress imaging). Despite their widespread use, these methods hold several limits, including the relatively low specificity and sensitivity in the identification of the ischemic myocardial territory, especially in patients with multi-vessel coronary atherosclerosis. Nuclear imaging methods are considered to have a higher specificity regarding the location of stressinduced ischemia, however, in case of multiple coronary stenotic lesions, they present a limited sensitivity due to the absence of a non-ischemic myocardial region with normal perfusion that would act as reference. 4, 5 
PhysIology of coRonaRy cIRculatIon
Coronary flow is dependent on the epicardial artery system, as well as the collateral vascular network and the microcirculation, which work together in order to optimize the myocardial oxygen supply.
Hemodynamic evaluation of the trans-lesional gradient in stress conditions led to significant improvements in the clinical approach and reevaluation of the indication for revascularization in patients with non-significant coronary lesions upon invasive coronary angiography examination (the gold-standard method for evaluating the degree of stenosis), but which exhibit stress-induced myocardial ischemia. The angiographic evaluation of coronary lesions that are considered borderline, but which have been demonstrated to be associated with inducible stress ischemia, has several limits resulting from intra-and interprocedural variability, as well as a limited spatial resolution in certain coronary territories. 6, 7 Myocardial ischemia is triggered by an unbalance between the myocardium oxygen request and supply. Oxygen demand is influenced by wall stress, myocardial contractility and heart rate, while the supply is provided by the arterial oxygen concentration and the coronary flow. Coronary flow is calculated with the Poisseuille equation, as the linear relationship between coronary perfusion pressure and vascular resistance. The latter is dependent exclusively on the microvascular system in lack of any coronary lesions, and on the degree of myocardial compression (situations such as cardiac hypertrophy). 8 Coronary flow is autoregulated by arterial vasodilatation when the coronary pressure decreases, being dependent on the intraaortic pressure. When the autoregulation mechanism is exceeded, the affected myocardial territory becomes ischemic. The adenosine test is based on inducing coronary arteriolar vasodilatation and decreasing microvascular resistance, reaching the point where the autoregulation mechanism is exceeded. Thus, the local hyperemia will unmask the ischemic myocardial territory by increasing the transstenotic intracoronary gradient. 9, 10 MEthods to EValuatE thE functIonal sIgnIfIcancE of coRonaRy lEsIons
Determination of Fractional Flow Reserve (FFR)
Coronary fractional flow reserve (FFR) is determined through maximum coronary vasodilatation in a narrowed coronary sector (due to atherosclerotic lesions), in order to achieve an optimal mechanical work for a certain level of effort. FFR is granted by an increased flow in the collateral coronary system and in the arteriolar microcirculation. The index of FFR, the numerical value of FFR, is determined as the ratio between the maximal blood flow in a coronary sector and the maximal coronary pressure in optimal conditions, based on the intra-aortic pressure, in the same conditions of induced vasodilation. 11 The invasive determination of FFR represents the gold standard procedure for assessing the functional significance of coronary stenoses that are considered as "triggers" for ulterior coronary revascularization. FFR can offer the interventional cardiologists essential information in the decision-making process regarding myocardial revascularization therapies. This method has the advantage of offering an optimal vascular spatial resolution and a high reproducibility, since it is capable of reflecting the global myocardial flow (from the epicardial vessels, as well as from the microcirculation), and it does not depend on hemodynamic variations. The determination of FFR together with newer methods of assessing the morphology of atheromatous plaques, such as optical coherence tomography (OCT) and virtual histology ultrasound (VH-US), creates a complex model of imaging analysis of the coronary plaque, including a descriptive analysis of the coronary plaque (fibrous cap, lipidic necrotic core, calcification degree) together with assessment of its functional significance (by calculating the translesional gradient as an expression of a decreased flow distally from the lesion).
Randomized trials that have used the assessment of the functional significance of coronary stenoses have shown that using FFR in the revascularization algorithm has led to a reduction in mortality and MACE rates in patients with CAD. The Fractional Flow Reserve versus Angiography for Multivessel Evaluation (FAME) study, which evaluated the routine use of FFR in comparison with traditional coronary angiography in establishing the indication for elective coronary angioplasty in multivessel CAD, showed that the angiographic estimation of coronary lesion severity is inadequate in the assessment of functional significance, both in stenoses of 50-70%, as well as those of 70-90%. 12, 13 The invasive measurement of the coronary flow reserve is based on crossing the stenosis with a floppy guidewire that is connected to a pressure sensor placed 3 cm from the tip; the pressure curve is recorded through the catheter and is shown in a digital format. The pressure curve recordings are compared with the intraaortic pressure. Because, technically, this procedure is difficult to perform for detecting the actual coronary flow, the method has been adapted by administering a vasodilator agent, which is adjusted to the caliber of the coronary artery in question, triggering a maximal coronary dilation, both on the epicardial and microvessels (the vascular resistance system). The vasodilator agents that have been established for the use of FFR determination include: adenosine (dose of 140 µg/kg/min via a peripheral venous line, 40 µg in the right coronary artery, 40-80 µg in the left coronary artery), isosorbide dinitrate (200 µg intracoronary), papaverine (10 µg in the right coronary artery, 15-20 µg in the left coronary artery). By annulling the arterial coronary resistance both in the epicardial and microvascular systems, a linear relationship between the coronary flow and the coronary pressure will occur. Therefore, the coronary FFR assessment is determined, in clinical practice, by calculating the ratio between the medium pressure measured distally from the coronary stenosis, and the intraaortic pressure. 14, 15, 16 FFR myo = Pd/PAo
The variable resulted from comparing the translesional pressure gradient variations in conditions of maximum hyperemia, reflects the maximum coronary flow that can be obtained in similar conditions as those occurring under stress situations; furthermore, the obtained variable is a measurement of the myocardial capacity to perform its function without paying the price of myocardial ischemia. The determination of this ratio is easily performed in the catheterization laboratory, and can be applied in daily practice. The standard value at which the coronary flow is considered optimal is characterized by a coronary FFR of 1.0, which means that in the absence of any coronary stenoses, the intracoronary pressure is unmodified all the way to the peripheral region of the vessel. An FFR value of <1.0 is illustrating that there is an incomplete capacity to fully increase the coronary flow when the cardiac workload requires it. There are several circumstances when the maximal vasodilation is altered, decreasing the sensitivity of the method. Such circumstances could be represented by STEMI or non-STEMI myocardial infarctions, conditions associated with a marked endothelial dysfunction at the level of the microcirculation, or cardiac hypertrophy that causes extrinsic compression of the coronary arteries. 8, 17, 18 All in all, the method has been validated in clinical trials as being useful in evaluating all the borderline coronary stenoses. Studies have proven that a cut-off value for FFR of 0.75-0.8 is highly specific for inducible myocardial ischemia, and it is directly correlated with the extension of the myocardial ischemia as assessed through nuclear imaging methods, as well as with the functional angina class and prognosis of the coronary patient. An FFR value of 0.75 shows that the coronary flow can be increased with maximum 75% over the normal value in conditions of physical stress or effort.
The limited variability of the cut-off value (0.75-0.8), which can categorize a coronary stenosis as being hemodynamically significant, leads to several comments regarding this interval, which is considered as a "grey zone" in the decision-making process of coronary revascularization. The experts' opinion is that the decision-making should consider the size of the ischemic myocardial area, as shown by noninvasive tests (stress echocardiography, nuclear imaging techniques). In other words, the indication for percutaneous coronary intervention (PCI) in such cases, will be established taking into consideration the anatomical distribution of the ischemic territory, the severity of the ischemia occurred during stress tests, the patient's adherence to antiplatelet therapy, especially if the patients have a high risk for ischemia, such as diabetics, subjects with left-main lesions or diffuse coronary atherosclerotic involvement, as well as individuals with previous thrombotic events. [19] [20] [21] [22] Studies have shown that there are several special circumstances in which the use of FFR requires caution in interpretation, either due to lesions that have a vital risk, or due to interpretation errors that may occur. Such circumstances are listed below: a) Evaluation of the functional significance of anterograde and retrograde collateral vessels, to determine which lesion should be re-vascularized (stent or balloon angioplasty) for reducing the ischemic myocardial mass. 23 Clinical trials, including FAME and DEFER, have shown that revascularization of a coronary stenosis with a measured FFR of <0.75 % has led to a decrease in the 1-year and 5-year rates of MACE, and that subjects with an FFR of >0.75 % presented a low percentage of composite endpoints at 1 and 5 years (including myocardial infarction, angina symptoms and the use of antianginal therapies). At the same time, the cost-efficiency ratio evaluated by the rate of re-hospitalizations is optimal, thus the 2014 guidelines for revascularization include as a class I indication the use of FFR measurements in the establishing of the functional significance of coronary stenoses, before commencing to stress testing, and class IIa indication of FFR measurements for patients with multi-vessel coronary artery disease in establishing the indication for revascularization of lesions that are angiographically estimated at 50-70%. 17, 29, 30 There are several undergoing trials that use FFR measurements, such as FAME 3, which compares PCI and coronary artery bypass grafting (CABG) in multi-vessel CAD patients, and which follows the rate of reinfarction, death, stroke and repeated revascularization at 1 year. SYNTAX II trial compares treatment options for multi-vessel CAD with the use of FFR; the MITNECB5 trial compares the sensitivity of FFR with various imaging methods (stress echocardiography, perfusion magnetic resonance imaging, SPECT with technetium 99m, or perfusion CT angiography). The FFR or OCT Guidance to RevasculariZe Intermediate Coronary Stenosis Using Angioplasty (FORZA) trial, which includes patients with intermediate coronary stenoses and compares FFR-guided PCI versus OCT-guided PCI in revascularization of complex coronary lesions estimated as intermediate upon coronary angiography. 31 
Determination of coronary flow velocity reserve
The coronary flow velocity reserve is a Doppler method used on a low scale before the development of FFR, which measured the coronary flow velocity, and was used for the assessment of microvascular dysfunction. This method has been proved to be influenced by hemodynamic variations and has not been validated for use in clinical practice. 32 
Determination of Instantaneous Wave-Free ratio (iFR)
iFR is a similar method as FFR, dedicated to evaluating the role of microcirculation in the genesis of myocardial ischemia and does not use vasodilator agents. The method has been created following the presumption that the coronary vascular resistance is lowest during the end-diastolic period, and it may be considered as equivalent to the value obtained during maximum myocardial hyperemia. The ADVISE study (Adenosine Vasodilator Independent Stenosis Evaluation) has shown that there is a statistically significant correlation between FFR and iFR (R = 0.91, p <0.0001), and that an iFR cut-off value of 0.9 is equivalent to an FFR value of 0.80. 33 Comparative studies between FFR and iFR, performed with the pull-back technique in coronary arteries with diffuse atherosclerotic involvement, is highly specific, and it allows reductions in the number of implanted stents, as well as a decrease in length for stents, subsequently decreasing the risk for thrombotic events. 34 The ADVISE II trial recommends that at an iFR value of <0.86, PCI should be performed, and at an iFR value of >0.94, pharmacological therapy should be initiated. 35, 36 The undergoing DEFINE REAL trial, which has enrolled over 3,000 patients, aims to follow-up the predictive capacity of iFR in determining the effort-induced ischemia in comparison with FFR, which is still considered gold-standard for the evaluation of functional significance of coronary atherosclerotic lesions. 37 Moreover, the DE-FINE FLAIR trial (NCT02053038) will randomize 2,500 patients to evaluate FFR-guided PCI versus iFR-guided PCI. Also, the PROSPECT II (A Multicenter Prospective Natural History Study Using Multimodality Imaging in Patients With Acute Coronary Syndromes -NCT02171065) and ORBITA (Defining a Gold Standard for Ischemia: Effects of Interventional Revascularization Versus Optimum Medical Therapy on Exercise Capacity in Patients With Stable Coronary Artery Disease -NCT02062593) trials, which are still undergoing, will compare FFR and iFR in regards to efficiency for imaging atherosclerosis and related ischemia. 38, 39 
Determination of the Index of Microvasculature Resistance (IMR)
IMR was introduced by Fearon and is based on the determination of intracoronary pressure and temperature in hyperemia conditions, using a temperature sensor. This index is used in evaluating microvascular dysfunction, which causes angina symptoms and the occurrence of MACE in patients with no significant epicardial coronary artery stenoses. The maximal hyperemia is obtained by adenosine administrations, followed by measurements of intracoronary pressures distally form the lesion, as well as the time variation of temperatures by using the thermodilution method. Fearon et al. have shown that an IMR of >40 in patients following primary PCI is illustrative for the noreflow phenomenon and it is correlated with the death and re-hospitalization rates for heart failure (HR 2:1). A similar effect was shown for elective percutaneous coronary angioplasty in case of stable angina, thus suggesting the need for adequate strategies in the therapy of microvascular dysfunction both in thrombotic lesions in acute coronary syndromes, as well as in stable CAD. [40] [41] [42] conclusIons Identifying myocardial ischemia occurring in stress conditions is essential for the quantification of the ischemic risk and the prognosis of patients with coronary artery disease. A part of these patients present with multi-vessel coronary atherosclerosis and associate a series of comorbidities, which are correlated with endothelial dysfunction and micro-vessel coronary artery disease. Assessment of the functional significance of a coronary stenosis that was deemed to not have indication for revascularization upon coronary angiography examination, allows the identification of lesions that induce myocardial ischemia during maximal hyperemia (stress conditions, pharmacological agents). The combined use of FFR, IMR and iFR allows a precise detection of the ischemic potential of a coronary lesion, therefore recommending the treatment for myocardial revascularization for lesions that were initially believed to not cause significant stenosis during invasive angiographical examination.
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